Abstract
remodelers implicated in human oncogenesis. Here we show Rbbp4 is overexpressed in 27 zebrafish rb1-embryonal brain tumors and is upregulated across the spectrum of human 28 embryonal and glial brain cancers. We demonstrate in vivo Rbbp4 is essential for zebrafish 29 neurogenesis and has distinct roles in neural stem and progenitor cells. rbbp4 mutant neural 30 stem cells show delayed cell cycle progression and become hypertrophic. In contrast, rbbp4 31 mutant neural precursors accumulate extensive DNA damage and undergo programmed cell 32 death that is dependent on Tp53 signaling. Loss of Rbbp4 and disruption of genome integrity 33 correlates with failure of neural precursors to initiate quiescence and transition to differentiation. 34 rbbp4; rb1 double mutants show that survival of neural precursors after disruption of Rb1 is 35 dependent on Rbbp4. Elevated Rbbp4 in Rb1-deficient brain tumors might drive proliferation 36 and circumvent DNA damage and Tp53-dependent apoptosis, lending support to current 37 interest in Rbbp4 as a potential druggable target. shown by isolation of a recessive lethal mutation in zebrafish rbbp4. Here we provide conclusive 54 genetic evidence that zebrafish rbbp4 is essential in neural stem and progenitor cell function 55 during development. Our data reveal for the first time in vivo that Rbbp4 prevents DNA damage 56 and activation of Tp53 signaling pathway that leads to programmed cell death. Importantly, 57 neural progenitors that are mutant for the tumor suppressor Rb1 also depend on Rbbp4 for 58 survival. Finally, we show that neural stem cells that have lost Rbbp4 cease dividing, and may 59 enter a senescent like state. Together, these observations provide novel evidence that elevated 60
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The Retinoblastoma Binding Protein 4 (RBBP4) is a WD40 Repeat (WDR) protein that 68 functions as a chromatin assembly factor and adaptor for multiple chromatin remodelers 69 regulating gene expression and DNA repair. RBBP4 associates with chromatin through histone 70 H3 and H4 binding sites on the surface and side of the β-propeller, respectively (1-3). These 71 locations are potential sites for chemical inhibitors of RBBP4 activity (4). RBBP4 is a component 72 of the H3K27methyltransferase polycomb repressive complex PRC2 (2) and the nucleosome 73 remodeling and histone deacetylase complex NuRD (5-7) and binds the histone 74 acetyltransferase p300/CREB binding protein complex (8). RBBP4-dependent recruitment of 75 chromatin regulators has recently been shown to control glioblastoma multiforme cell resistance 76 to temozolomide through p300 activation of DNA repair pathway genes (9), and tumor 77 progression in neuroblastoma xenografts by PRC2 silencing of tumor suppressors (10). Only 78 recently has an in vivo requirement for RBBP4 in vertebrate development and neurogenesis 79 been demonstrated by mutational analysis in zebrafish (11). Given the importance of 80 understanding how developmental mechanisms contribute to the cellular and molecular basis of 81 cancer (12), a more detailed examination of the role of RBBP4 in neural development would 82 provide additional knowledge into its possible oncogenic roles in brain tumors. 83 84 RBBP4 was first discovered as a binding partner of the tumor suppressor RB1 in yeast 85 (13) and studies in C.elegans revealed the RBBP4 homolog lin-53 negatively regulates vulval 86 precursor cell fate by repression of genes required for vulval induction (14) . Drosophila and 87 human RBBP4 were shown to be a component of the RB1-like DREAM complex, which binds 88 E2F target gene promoters to repress cell cycle gene expression and promote entry into 89 quiescence (15). These early in vivo studies indicated RBBP4 functions in cell cycle progression 90 and cell fate specification through transcriptional regulation by RB family members. RB1 has 91 been well studied in mouse and shown to be essential for embryonic and adult neurogenesis 92 (16, 17). Zebrafish rb1 is also an essential gene required for neural development (18, 19) . 93
Mutant analysis plus live brain imaging revealed zebrafish rb1 mutant neural progenitors reenter 94 the cell cycle and fail to progress through mitosis, whereas loss of rbbp4 induces neural 95 progenitor apoptosis (11 We previously showed by RNA-Seq and qRT-PCR that rbbp4 is overexpressed in 118 zebrafish rb1-brain tumors, and demonstrated it is required in neural development by isolating a 119 larval lethal homozygous mutant allele rbbp4 D4is60 (11). Here we used a commercially available 120 antibody to examine Rbbp4 localization in zebrafish tissues. Western blotting with the anti-121 RBBP4 polyclonal antibody detects a single band of ~47 kDa in whole protein extract from 5 day 122 post fertilization (dpf) wildtype zebrafish larvae that is absent in rbbp4 Δ4/Δ4 homozygous mutant 123 extract (Fig S1A) . In cross sections of 5 dpf head tissue Rbbp4 labeled nuclei are detected 124 throughout the brain, but the labeling was again absent in rbbp4 Δ4/Δ4 homozygous mutant tissue 125 (Fig S1B, S1C) , confirming the specificity of the antibody. In wild type adult zebrafish, stem and 126 progenitor cells line the ventricle and subventricular zone of midbrain structures (Fig 1A) . Rbbp4 127 is detected in cells lining the midbrain ventricle where stem cells reside (Fig 1B-D) and is 128 enriched in the nuclei of cells with high levels of proliferating cell marker PCNA (Fig 1D arrow) . 129
Rbbp4 was also present in nuclei of cells throughout the midbrain peri-granular zone (Fig 1E) . In 130 rb1-brain tumor tissue (Fig 1F) high levels of nuclear Rbbp4 were detected in cells throughout 131 Human RBBP4 is upregulated across the spectrum of aggressive brain cancers
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We examined expression data from 2284 human brain tumor samples (German Cancer 139
Research Center) to determine if RBBP4 is upregulated in human embryonal tumors and other 140 aggressive brain cancers. Molecular profiling has classified human embryonal central nervous 141 system primitive neuroectodermal tumors (CNS-PNETs) into major groups with distinct 142 molecular subtypes (20) (21) (22) . RBBP4 was upregulated across all embryonal tumors and 143 subtypes ( Fig 1J) as well as in ependymal, glial, oligodendroglial and astrocytic tumors (Fig  144   S1D ). Together these results indicate elevated RBBP4 may be a common signature in 145 aggressive central nervous system tumors. Rbbp4 expression was examined in the 2 dpf embryonic (Fig 2A, 2B ) and 5 dpf larval 152 (Fig 2C, 2D ) wildtype zebrafish developing brain. At 2 dpf nuclear Rbbp4 is present in all neural 153 precursor cells throughout the midbrain and retina and co-labels with proliferating cell marker 154 PCNA (Fig 2E, 2F, S2 ). Rbbp4 and PCNA were highly enriched in neural stem cells lining the 155 midbrain ventricle (Fig 2G) and at the ciliary marginal zone (CMZ) of the retina (Fig 2H) . The 156 end of 2 dpf marks the transition from embryonic to larval neurogenesis and growth in the brain 157 becomes asymmetric (23, 24) . By 5 dpf, proliferative zones are confined to the midbrain 158 ventricles and dorsal tectum and the retinal ciliary marginal zone (25, 26) . In the 5 dpf midbrain 159 (Fig 5I) Rbbp4 is significantly reduced or absent from most cells in the proliferative zones (Fig  160   2J , 2K and 2H outlined areas; Fig S3) but is detectable in PCNA-positive cells (Fig 2K and 2L  161 arrows; Fig S3) . Varying levels of Rbbp4 were present in cells adjacent to the ventricle and in 162 neurons throughout the parenchyma. At 5 pdf the retina is laminated into 3 distinct nuclear 163 layers and stem cells and progenitors are restricted to the ciliary marginal zone (Fig 2M) . Rbbp4 164 is detectable in PCNA-positive cells at the retinal ciliary marginal zone (Fig 2N and 2O outlined  165 area, Fig S3) . In the central retina, high levels of Rbbp4 were restricted to neurons in the 166 ganglion cell layer and at the vitreal side of the inner nuclear layer (Fig 2P, Fig S3) . A low level 167 of Rbbp4 was detected in outer nuclear layer photoreceptors (Fig 2P) (Fig 3E-3H ), including the ceratohyal cartilage (ch), ceratobranchial cartilage (cbs), 180 and Meckel's cartilage (m). These results suggest that Rbbp4 is necessary for development of 181 the central nervous system and neural crest derived structures. Ubiquitous overexpression of 182 rbbp4 cDNA by a Tol2<ubi:rbbp4-2AGFP> transgenic line (Fig 3I) was tested for the ability to 183 rescue the rbbp4 Δ4/Δ4 phenotype. The transgene did not affect development in wild type embryos 184 or viability and fertility in adults ( Fig 3J, Table S1 ) and was able to rescue the gross 185 morphological defects in rbbp4 Δ4/Δ4 mutants ( Fig 3K and Fig S3) . Midbrain height and eye width 186 measurements in Tol2<ubi:rbbp4-2AGFP> and rbbp4
Δ4/Δ4
;Tol2<ubi:rbbp4-2AGFP> transgenic 187 embryos confirmed rescued animals showed no significant difference in morphology from 188 wildtype (Fig 3L and 3M) The effect of loss of Rbbp4 on specific neural cell populations in the 5 dpf larval midbrain 197 and retina was examined with proliferation, stem, neural, and glial markers (Fig 3N-3U, Fig S5) . 198
In wildtype (Fig 3N) and rbbp4 Δ4/Δ4 mutant ( Fig 3O) the stem/progenitor marker Sox2 was 199 present in cells lining the midbrain ventricle and adjacent to the ventral thalamus. Sox2 positive 200 cells were also scattered throughout the wild type dorsal tectum (Fig 3P bracket) . The dorsal 201 tectum was dramatically reduced in rbbp4 Δ4/Δ4 and only low levels of Sox2 were detected (Fig  202   3Q bracket) . Sox2-positive cells frequently co-labeled with PCNA at the midbrain ventricle in 203 wildtype (Fig 3P outline) and rbbp4 Δ4/Δ4 (Fig 3Q outline) , however, the rbbp4 Δ4/Δ4 cells showed 204 an enlarged, hypertrophic morphology. In the retina, high levels of PCNA labeling was present 205 in stem cells at the ciliary marginal zone in both wildtype (Fig 3R) and rbbp4 Δ4/Δ4 (Fig 3S) , but 206 the rbbp4 Δ4/Δ4 ciliary marginal zone was expanded and stem cells were enlarged and 207 hypertrophic ( Fig 3T and 3U outlines To determine if the defect in neurogenesis in 5 dpf rbbp4 Δ4/Δ4 mutant larva was due to 223 activation of programmed cell death earlier in the developing brain, we examined gross 224 morphology, apoptosis, and DNA damage in wildtype and rbbp4 Δ4/Δ4 brain and retina at 2 and 3 225 dpf. Compared to wildtype, at 2 and 3 dpf the size of the optic tectum (Fig 4 A-C 
mutants (Fig 4 I-P). 229
At 2 dpf in wildtype very few cells were labeled with activated Caspase-3, whereas labeling was 230 significantly increased and present throughout the rbbp4 Δ4/Δ4 tectum and overlapped with cells 231 containing fragmented nuclei throughout the retinal ganglion and inner nuclear layers ( Fig 4I-232 4L). At 3 dpf, few cells again were labeled in wildtype ( Fig 4M) . In rbbp4
, the amount of 233 Caspase-3 labeling was reduced and was restricted to the proliferative zones in the dorsal 234 tectum and periphery of the retina (Fig 4N) . Quantification of Caspase-3 labeled cells revealed 235 the increase in the rbbp4 Δ4/Δ4 mutant at 2 dpf was significant in the brain and retina (Fig 4O) . At 236 3 dpf the difference was less significant (Fig 4P) , possibly due to overall reduction in cell 237 number from programmed cell death or a decrease in production of new neural precursors. 238 Activated Caspase-3 positive cells at the retina periphery did not co-label with neuronal marker 239
HuC/D, and nuclei appeared fragmented or pyknotic (Fig S6) . This suggested that rbbp4 Δ4/Δ4 240 mutant neural precursors undergo apoptosis before initiating differentiation. To examine 241 whether apoptosis was linked to the DNA damage response, wildtype and rbbp4 Δ4/Δ4 mutant 242 tissues were labeled with an antibody to γ-H2AX (Fig 4Q-4X ), which recognizes phosphorylated 243 histone H2AX at DNA double strand breaks and more broadly labels damaged chromatin in 244 nuclei in apoptotic cells (27) . Similar to activated Capsase-3, there is little γ-H2AX labeling in the 245 wildtype midbrain or retina at 2 dpf ( Fig 4Q, 4S ) or 3 dpf (Fig 4U) , whereas there is a significant 246 
Neural precursor apoptosis after Rbbp4 loss is dependent on Tp53
260
To test whether apoptosis in rbbp4 Δ4/Δ4 neural precursors is activated by the Tp53-261 dependent DNA damage response we knocked down Tp53 activity using an antisense 262 translation blocking tp53 morpholino (Fig 5A) . Tp53 knock down did not affect development or 263 cell viability in the wildtype midbrain or retina at 2 dpf and 3 dpf, but was able to significantly 264 suppress activated Caspase-3 labeling and apoptosis in the rbbp4 Δ4/Δ4 midbrain and retina at 2 265 dpf (Fig 5B-5K) . At 3 dpf,Tp53 knock down significantly reduced activated Caspase-3 labeling in 266 the rbbp4 Δ4/Δ4 retina but not the midbrain (Fig 5J and 5K ), which may be due to a greater 267 decrease in midbrain proliferation compared to the retina. These results are consistent with 268
Rbbp4 preventing Tp53-dependent apoptosis in neural precursors. Tp53 knockdown was able 269 to suppress γ-H2AX labeling in the midbrain and retina of 2 dpf rbbp4 Δ4/Δ4 mutant embryos (Fig  270   5L -5O, 5T and 5U). By 3 dpf the suppressive effect was no longer significant (Fig 5P-5S, 5T and 271 5U), possibly due to reduced numbers of viable cells in the proliferative regions of the midbrain 272 and retina. Overall, the nearly complete suppression of activated Caspase-3 and γ-H2AX 273 labeling in 2 dpf rbbp4 Δ4/Δ4 mutant embryos after Tp53 knockdown together indicate Rbbp4 is 274 required to prevent persistent DNA damage and activation of Tp53 dependent programmed cell 275 death in neural precursors. The results presented above suggest loss of Rbbp4 may induce apoptosis in retinal 282 neural precursors that fail to become quiescent and initiate differentiation. We first used BrdU 283 labeling to follow the fate of rbbp4 Δ4/Δ4 mutant neural precursors in the post-embryonic retina. 284
Retinal neurogenesis proceeds in a conveyor belt pattern, with stem cells at the ciliary marginal 285 zone generating progenitors that become progressively more committed as they move inward in 286 the growing retina (28, 29). 2 dpf embryos were exposed to a 3-hour BrdU pulse and collected 287 immediately or chased until 3 dpf and 5 dpf. At the end of 2 dpf in wildtype retina BrdU 288 incorporates into stem cells at the CMZ and progenitors in the inner nuclear and newly 289 developing photoreceptor layers (Fig 6A) . A similar pattern of BrdU incorporation was detected 290 in the rbbp4 Δ4/Δ4 mutant retina (Fig 6B) . At 3 dpf BrdU labeled cells were found in the region 291 adjacent to the CMZ in both wildtype and rbbp4 Δ4/Δ4 (Fig 6C and 6D outline) , however many 292 fewer BrdU positive cells were present in the mutant. By 5 dpf, BrdU positive cells were 293 incorporated into the ganglion and inner nuclear layers of the laminated region of the wildtype 294 retina (Fig 6E outline) Δ4/Δ4 retina with probes to collage type XV alpha 1b (mz98) (31), cyclin 304 D1 (ccnD1) (32), atonal 7 (ath5) (33) and cyclin dependent kinase inhibitor 1Ca (cdkn1c) (34). In 305 wildtype, cells at the periphery of the ciliary marginal zone express stem cell marker mz98 (Fig  306   6H arrow) , followed by proliferating progenitors that express ccnD1 (Fig 6I bracket) , and then 307 ath5-expressing committed neural precursors (Fig 6J bracket) . Lastly, cdkn1c expression marks 308 precursors arrested in G1 that will initiate quiescence and differentiation (Fig 6K arrow) . In the 309 rbbp4 Δ4/Δ4 mutant retina mz98-expressing cells were present in the CMZ (Fig 6L arrow) . The 310 population of ccnd1-labeled progenitors and ath5-expressing committed precursors was 311 significantly expanded in the mutant compared to wildtype (Fig 6M and 6N brackets) . In 312 addition, cdkn1c-expression was not detected in the next adjacent sector (Fig 6O arrow) . These 313 results indicate that in the absence of Rbbp4, ath5-expressing committed precursor loss occurs 314 before the transition when cells exit the cell cycle to initiate quiescence and differentiation. We previously demonstrated that in rb1 mutant zebrafish larvae, neural progenitors can 320 re-enter the cell cycle, and phospho-Histone H3 labeled M-phase cells can be detected 321 throughout the rb1 mutant brain and retina (11). To determine whether survival of rb1 mutant 322 neural precursors is dependent on Rbbp4, we tested whether rbbp4; rb1 double mutant neural 323 precursors undergo apoptosis (Fig 7A-7H, Fig S7) . At 3dpf, in the rbbp4 Δ4/Δ4 mutant retina 324 activated caspase-3 and fragmented nuclei are observed in neural progenitors in the region 325 adjacent to the ciliary marginal zone (Fig 7F dashed outline) . Activated caspase-3 labeling is 326 absent from rb1 Δ7/Δ7 mutant retina and brain, however, in the rbbp4
; rb1 Δ7/Δ7 double mutant, 327 activated caspase-3 is present, similar to the single rbbp4 Δ4/Δ4 mutant (Fig 7G and 7H ). Labeling 328 with phospho-Histone H3 antibodies confirm the rb1 Δ7/Δ7 single and rbbp4
Δ4/Δ4
; rb1 Δ7/Δ7 double 329 mutants have increased numbers of cells in mitosis compared to wildtype brain and retina (Fig  330   7I-7P ). These results show that loss of Rbbp4 can induce apoptosis in rb1 mutant neural 331 precursors, indicating the viability of rb1 mutant cells is dependent Rbbp4 (Fig 7Q) . In this study we demonstrate in vivo Rbbp4 is essential for vertebrate neurogenesis and 337 is required for neural stem cell proliferation and neural precursor survival. While Rbbp4 was 338 originally identified as a binding partner of the Rb1 tumor suppressor, we show for the first time 339 that survival of rb1-mutant neural precursors is dependent on rbbp4. We find that Rbbp4 is 340 overexpressed in rb1-embryonal brain tumors and is upregulated across the spectrum of human 341 embryonal and glial tumor types. Together with recent studies examining the role of Rbbp4 in 342 glioblastoma DNA damage repair (9) and neuroblastoma tumor progression (10), our study 343 provides additional evidence that Rbbp4 might contribute to brain tumor cell survival by 344 promoting proliferation and circumventing DNA damage induced apoptosis. nucleosome assembly factor that contains p150, p60, and Rbbp4 (44). In addition to the 383 classical γ-H2AX foci representing DNA double strand breaks (27), the majority of γ-H2AX 384 labeling in rbbp4 mutant embryos appeared as pan-nuclear or nuclear rings, which mark 385 extensive DNA damage and disruption of chromatin integrity (45). γ-H2AX nuclear ring labeling 386 has been described in response to activation of death receptors by TRAIL ligand, indicating 387 extrinsic signaling independent of Tp53 could also contribute to apoptosis in rbbp4 mutant cells 388 (46). However, our ability to suppress apoptosis after Tp53 knockdown in rbbp4 mutant 389 embryos would argue that intrinsic activation of Tp53 and the DNA damage response is 390 responsible for apoptosis. 391
392
In conclusion, our study indicates Rbbp4 may promote proliferation and survival of 393 wildtype and rb1 mutant neural precursors by circumventing DNA damage induced apoptosis. 394
Disruption of transcriptional regulation, chromatin assembly and DNA repair could each 395 contribute to apoptosis after loss of Rbbp4. Knockdown of Tp53 blocked apoptosis, providing a 396 means to prevent cell death and examine how loss of Rbbp4 changes the epigenetic landscape 397 and gene expression profile in rbbp4 mutant neural precursors. These future studies would 398 provide new insight into the mechanism by which Rbbp4 and its associated chromatin 399 remodelers promote proliferation and survival during neurogenesis. Processing and embedding of zebrafish wildtype adult brain and rb1-brain tumor tissue was as 457 described (18). Immunolabeling was performed on TALEN targeted rb1-brain tumors from three 458 fish; tumor tissue from two of these fish (individuals #7 and #10) was also used for RNA-Seq 459 libraries in our previous analysis of the rb1-embryonal brain tumor transcriptome (11). Tissues 460 were sectioned at 14-16 µm on a Microm HM 550 cryostat. For BrdU labeling experiments, 2 dpf 461 embryos were incubated in 5 µM BrdU (Sigma B5002) in embryo media (53) for 2.5 hours, 462 placed in fresh fish water, then sacrificed immediately or at 3 dpf and 5 dpf. To aid BrdU antigen 463 retrieval tissues were pretreated with 2 M HCl. For RBBP4 labeling, antigen retrieval was 464 performed by placing slides in boiling 10 mM NaCitrate and allowing the solution to cool to room Table S1 . 
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(green), and nuclear stain DAPI (blue) at 2 dpf (K-N) and 3 dpf (O-R). (T) Comparison of γ-794 H2AX positive cells in the midbrain between un-injected and tp53 MO injected wildtype at 2 dpf 795 (un-injected n=4; tp53 MO injected n=3; p=0.2344), rbbp4 Δ4/Δ4 at 2 dpf (un-injected n=2; tp53 796 MO injected n=4; p=0.0024), wildtype at 3 dpf (un-injected n=3; tp53 MO injected n=5; 797 p=0.1101), and rbbp4 Δ4/Δ4 at 3 dpf (un-injected n=6; tp53 MO injected n=10; p=0.
0657). (U) 798
Comparison of γ-H2AX positive cells in the retina between un-injected and tp53 MO injected 799 wildtype at 2 dpf (un-injected n=4; tp53 MO injected n=3; p-value=0), rbbp4 Δ4/Δ4 at 2 dpf (un-800 injected n=2; tp53 MO injected n=4; p=0.0001), wildtype at 3 dpf (un-injected n=3; tp53 MO 801 injected n=5; p=0.5784), and rbbp4 Δ4/Δ4 at 3 dpf (un-injected n=6; tp53 MO injected n=10; 802 ; rb1 Δ7/Δ7 (n=2) siblings from a 831 rbbp4 Δ4/+ ; rb1 Δ7/+ incross were sectioned and labeled with antibodies to activated caspase-3 and 832
HuC/D (A-H) or γ-H2AX and phospho-Histone H3 (I-P). Activated caspase-3 and nuclear 833 fragmentation are present in the region containing neural precursors (dashed outline) adjacent 834 to the ciliary marginal zone in both rbbp4 Δ4/Δ4 and rbbp4
Δ4/Δ4
; rb1 Δ7/Δ7 mutants. (Q) Diagram 835 modeling requirement for Rbbp4 and Rb1 in retinal neurogenesis. Newborn retinal neural 836 precursors adjacent to the ciliary marginal zone will differentiate into neural cell types that 837 populate the retina ganglion cell, inner nuclear, and outer nuclear layers. Both Rbbp4 and Rb1 838 are required for neural precursors to initiate quiescence and differentiation, however, loss of 839 rbbp4 leads to DNA damage-induced apoptosis, while loss of rb1 allows entry into mitosis. 
